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bstract
The family Profundulidae is one of the few families of freshwater fishes endemic to the Mesoamerican region. It includes the genus Profundulus
hat has been divided into two subgenera, Profundulus, with a wider distribution and Tlaloc, which presents a more limited range. The species
urrently recognized within the subgenus Profundulus  are P.  punctatus, P.  oaxacae, P.  guatemalensis  and P.  kreiseri. Results from a previous study
sing allozymes revealed a high degree of molecular differentiation of the populations inhabiting the Mixteca region (located at the north of Oaxaca
n Mexico), compared to the rest of the species in the genus, especially regarding its geographically nearest neighbor (P.  oaxacae). The main goal
f this study was to evaluate the morphological distinctiveness and to assess the taxonomic identity of the populations from the Mixteca region
n comparison with the morphological variation of P.  oaxacae. Based on 22 measurements (17 morphometric and 5 meristic), we examined the
orphological variation within and among species, including 50 individuals from 5 localities. Our results show a high degree of morphological
ifferentiation between both populations in accordance to the molecular information reported before, supporting that populations from the Mixteca
egion are a new taxonomic entity, which is described in the present study.
ll Rights Reserved © 2015 Universidad Nacional Autónoma de México, Instituto de Biología. This is an open access item distributed under the
reative Commons CC License BY-NC-ND 4.0.
eywords: New species; Killifish; Morphologic traits
esumen
La familia Profundulidae es una de las pocas familias de peces dulceacuícolas endémicas a la región de Mesoamérica. La familia incluye al
énero Profundulus, el cual a su vez incluye dos subgéneros: Profundulus, con una mayor distribución y Tlaloc, el cual presenta una distribución
ás restringida. Actualmente, dentro del género Profundulus  se incluyen las siguientes especies: P.  punctatus, P.  oaxacae, P.  guatemalensis  y
.  kreiseri. En un estudio previo basado en un análisis de aloenzimas para el subgénero Profundulus, se observó un alto grado de diferenciación
ntre las poblaciones de la región Mixteca, al norte del estado de Oaxaca en México, del resto de especies dentro del subgénero, particularmente
e las poblaciones de la especie geográficamente más cercana (P.  oaxacae). El objetivo principal del presente estudio es caracterizar la variación
región Mixteca comparándolas con la variación morfológica de P.  oaxacae.
fométricas y 5 merísticas) en 50 individuos provenientes de 5 localidades.orfológica y evaluar la identidad taxonómica de las poblaciones de la 
sta caracterización se llevó a cabo con base en 22 variables (17 mor∗ Corresponding author.
E-mail address: patriciaornelasg@gmail.com (C.P. Ornelas-García).
http://dx.doi.org/10.1016/j.rmb.2015.10.001
870-3453/All Rights Reserved © 2015 Universidad Nacional Autónoma de México, Instituto de Biología. This is an open access item distributed under the Creative
ommons CC License BY-NC-ND 4.0.
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uestros resultados muestran que existe una clara diferenciación morfológica entre ambos grupos de poblaciones, en congruencia con evidencia
olecular obtenida previamente, y que sustenta el reconocimiento de las poblaciones de la región de la Mixteca como una nueva especie, la cual
s descrita en el presente estudio.
erechos Reservados © 2015 Universidad Nacional Autónoma de México, Instituto de Biología. Este es un artículo de acceso abierto distribuido
ajo los términos de la Licencia Creative Commons CC BY-NC-ND 4.0.
alabras clave: Especie nueva; Ciprinodóntido; Caracteres morfológicos
ntroduction
The family Profundulidae is one of few families of fresh-
ater fishes endemic to the Mesoamerican region. It has been
uggested that its history goes back to the Pliocene, or even
he Miocene (Miller, 1955). Currently, most species in the fam-
ly exhibit low abundances, and their distribution is restricted
o the headwaters and spring-fed-tributaries of rivers in south-
rn Mexico, El Salvador, Honduras and Guatemala, from both
acific and Atlantic versants. Species diversity in the family
s fairly low, consisting of 8 species in 2 genera: Profundulus
nd Tlaloc  (Morcillo, Ornelas-García, Alcaraz, Matamoros,
 Doadrio, 2015). In the genus Tlaloc, 4 species are cur-
ently recognized: T.  candalarius, T. hildebrandi, T.  labialis  and
. portillorum, all of which exhibit limited distributions. The
enus Profundulus  also has 4 species, namely P.  punctatus,
. oaxacae, P.  guatemalensis  and P.  kreiseri, but has a decidedly
ider distribution range.
In an early study dealing with systematics of Profunduli-
ae, Miller (1955) pointed out a wide degree of morphological
ariation, being more evident within the P.  punctatus  “group”,
n which more than one species might be recognized. Years
ater, within the P.  punctatus  “group” Miller (2005) corrobo-
ated the validity of P.  oaxacae  (Meek, 1902), whose distribution
as restricted to altitudes above 1,550 m in the Río Atoyac –
erde Basin, Oaxaca, in southern Mexico (Martínez-Ramírez,
oadrio-Villarejo, & de Sostoa-Fernández, 2004). Furthermore,
n a genetic population analysis of the subgenus Profundu-
us based on allozymes (Doadrio, Carmona, Martínez, & De
ostoa, 1999), at least 5 different lineages were recovered. Of
hese, 2 distinct lineages were found in the Mixteca region
nd were well differentiated from P.  punctatus. One of them
orresponded to P.  oaxacae  and the other one included a
lade named P.  sp. nov. 1, which corresponded to popula-
ions from Mixteca headwaters (with an elevation over 700 m)
nd showed a high degree of molecular divergence from the
est of species of the subgenus Profundulus  (Nei’s distances
 = 0.165 −  0.845). In fact, based on the aforementioned anal-
sis, P.  sp. nov. 1 was recovered as a sister clade to the rest
f species in the P.  punctatus  “group”, where P.  oaxacae  is
ncluded.
As a consequence of the striking morphological differ-
nces between P.  oaxacae  and P.  punctatus, Miller recognized
he former as a valid species (Miller, 2005). These differ-
nces include the number of scales around the body (25–28 in
Another aspect clearly separating this pair of species is their
distribution, in which P.  oaxacae  is restricted to the upper part
of the río Verde basin, Oaxaca while P.  punctatus  inhabits the
lower part of the same basin. P.  sp. nov. 1 also inhabits the upper
part of the río Verde basin, but shows a high genetic distinctive-
ness regarding both, P.  oaxacae  and P.  punctatus  (Doadrio et al.,
1999). Consequently, in this study we evaluated the morpholog-
ical distinctiveness between P.  oaxacae  and P.  sp. nov. 1, and
determined whether morphological variation corresponds to the
genetic differentiation previously documented by Doadrio et al.
(1999).
Materials  and  methods
Sample  collection  and  taxonomic  determination
A total of 5 localities within the Mixteca region were sur-
veyed using cast nets and electrofishing (Fig. 1). A total of
50 specimens were collected, with a range of individuals per
locality from 5 to 15 (Table 1). Fin clips were obtained and
individuals tagged. Fin clips and voucher specimens were pre-
served in 95% ethanol and deposited in Colección Nacional de
Peces, Instituto de Biología, Universidad Nacional Autónoma
de México (CNPE-IBUNAM), Colección de Peces, El Cole-
gio de la Frontera Sur (ECOSC), Museo Nacional de Ciencias
Naturales de Madrid, Espan˜a (MNCN) and Colección de Peces
del Centro de México Dr. Edmundo Díaz Pardo, Universidad
Autónoma de Querétaro, Mexico (CPCMEDP-UAQ). Localities
for P.  sp. nov. 1 were determined based on a previous molecu-
lar study (Table 1; Doadrio et al., 1999). For P.  oaxacae, we
measured 15 specimens from Rio Chiquito, Tlaxiaco, in the
Mixteco-Balsas basin. P.  oaxacae  were identified using Miller’s
keys (Miller, 2005).
Morphometric  analyses
For comparison between species groups, we performed 17
morphometric measurements and 5 meristic counts in 50 indi-
viduals from 5 localities (Fig. 1, Tables 1 and 2). In order to
identify the variables that contributed the most to the variation
among populations, we performed principal component analy-
sis (PCA) on the morphometric dataset, based on a covariance
matrix. Finally, we performed discriminant function analysis
(DFA) and linear discriminant analysis (LDA) in order to eval-
uate each specimen, assign it to a species and assess the degree. punctatus  vs. 30 in P.  oaxacae), and the lateral color pattern
prominent round spots in P.  punctatus  vs. narrow weak and
ertical marks in P.  oaxacae).
o
tf separation between the groups.
For both analyses, measurements were standardized using
he general allometric equation: Ms = Mo (Ls/Lo)b, where
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s = standardized measurement, Mo = measured character
ength (mm), Ls = overall (arithmetic) mean of the standard
omponent (standard length – SL or head length – HL) for
ll individuals of each taxon, Lo = standard component of the
pecimen. For each character “b” was estimated using the non-
inear equation, M  = aLb  as the slope of the regression of log Mo
n log Lo (Elliot, Haskard, & Koslow, 1995; Ruiz-Campos,
amarena-Rosales, Varela-Romero, Sánchez-Gonzáles, & De
a Rosa-Vélezv, 2003) (logistic regression in Supplementary
aterial 1). Abbreviations for morphological measurements are
iven in Table 2.
c
p
2
able 1
ampling localities, number of localities and number of individuals that were used i
nd to Miller (1955, 2005).
ap Locality N Basin 
 Río Grande, Santiago Juxtlahuaca,
Oaxaca, México
5 Mixteco-Balsas 
 Spring, Sola de Vega, Oaxaca.
México.
– Atoyac 
 Río Cucharas, El Carmen Tuxtitlán,
Putla de Guerrero, Oaxaca, México
7 Atoyac 
 Río Chiquito, Tlaxiaco, Oaxaca,
México
15 Mixteco-Balsas 
 Spring, Aldama, Oaxaca, México 15 Atoyac 
 Spring, Chalcatongo, Oaxaca,
México
– Atoyac 
 Spring, Santiago Yosondúa, Oaxaca.
México
8 Atoyac 
 Río de las Grutas, San Sebastián
de las Grutas, Oaxaca, México
– Atoyac ensis sp. nov. (black circles) and P. oaxacae (white circles).
Two-way analysis of variance (ANOVA) was carried out
onsidering sex and species as factors to evaluate the influ-
nce of sexual dimorphism, and the sex ×  species interaction
as included to test if dimorphism varied significantly between
pecies groups for the 17 morphometric measurements. Propor-
ions between measurements were calculated in relation to SL
nd HL (Table 3). Frequencies of the 5 meristic variables were
ompared between species groups. Mann–Whitney U  tests were
arried out on the 5 meristic variables as well as on the mor-
hometric proportion measurements. Statistica v.6.0 (Statistica,
001) was used for all statistical analyses.
n the morphologic analysis. Taxonomic designation is according to our study,
Species proposed Species by Miller
(1955, 2005)
UTM-X UTM-Y
P. mixtlanensis P. punctatus 605394 1910523
P. oaxacae P. oaxacae 715433 1826989
P. mixtlanensis P. punctatus 615930 1884461
P. oaxacae P. oaxacae 643961 1905758
P. mixtlanensis P. punctatus 648638 1875597
P. mixtlanensis P. punctatus 650543 1884349
P. mixtlanensis P. punctatus 651751 1866154
P. oaxacae P. oaxacae 718060 1839603
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Table 2
Mean, standard error and range values for morphometric measurements (mm) and meristic counts of P. mixtlanensis and P. oaxacae. p-Values from the ANOVA test
for morphometric measurements and those from the Mann–Whitney U test for meristic counts are provided.
Morphometric measurements Mean (standard error) 95% Confidence interval F p-Value
Upper limit Lower limit
P. mixtlanensis P. oaxacae P. mixtlanensis P. oaxacae P. mixtlanensis P. oaxacae
Standard length (SL) 63.48 (1.70) 47.18 (2.41) 66.91 52.04 60.05 42.33 30.5 0.000
Head length (HL) 17.51 (0.52) 13.72 (0.74) 18.57 15.22 16.46 12.22 17.34 0.000
Pre-doral distance (PrDD) 42.11 (1.11) 31.96 (1.58) 44.36 35.15 39.87 28.78 27.53 0.000
Pre-anal distance (PrPA) 42.03 (1.09) 32.60 (1.54) 44.23 35.72 39.83 29.49 24.74 0.000
Eye diameter (ED) 4.15 (0.07) 3.41 (0.11) 4.31 3.64 3.99 3.18 28.63 0.000
Pre-orbital length (PrOL) 4.80 (0.16) 3.36 (0.23) 5.13 3.83 4.47 2.89 25.35 0.000
Pre-pectoral distance (PrPP) 17.77 (0.53) 14.08 (0.75) 18.84 15.60 16.70 12.56 15.98 0.000
Pre-ventral distance (PrPV) 32.81 (0.93) 25.06 (1.32) 34.69 27.73 30.93 22.39 22.88 0.000
Body depth (BD) 17.46 (0.72) 14.70 (1.02) 18.91 16.76 16.00 12.64 4.85 0.033
Dorsal fin length (DFL) 10.07 (0.32) 7.67 (0.46) 10.74 8.60 9.41 6.73 17.86 0.000
Pectoral-ventral length (PVL) 16.74 (0.63) 12.54 (0.90) 18.02 14.37 15.45 10.72 14.28 0.000
Anal fin length (AFL) 10.33 (0.32) 6.95 (0.46) 11 7.89 9.67 6.02 35.30 0.000
Pectoral fin length (PFL) 9.76 (0.23) 7.19 (0.33) 10.23 7.86 9.29 6.52 39.77 0.000
Ventral–anal length (VAL) 9.59 (0.27) 7.75 (0.38) 10.13 8.52 9.04 6.98 15.34 0.000
Body least depth (BLD) 8.85 (0.28) 7.407 (0.40) 9.42 8.21 8.28 6.59 8.61 0.005
Anal peduncle length (APL) 10.53 (0.35) 7.024 (0.50) 11.25 8.04 9.81 6.00 32.22 0.000
Caudal peduncle length (CPL) 10.89 (0.33) 8.007 (0.46) 11.55 8.94 10.23 7.06 25.47 0.000
Meristic counts Max Min Mann–
Whitney
U test
Number of lateral scales (E) 33.31 (0.20) 30.93(0.283) 35 32 30 29 0.000
Doral fin rays (D) 11.45 (0.12) 11.4 (0.130) 13 12 10 11 0.725
Anal fin rays (A) 14.45 (0.27) 13.13 (0.215) 21 14 12 12 0.001
Pectoral fin rays (P) 15.94 (0.17) 14.33 (0.159) 17 16 14 14 0.000
Ventral fin rays (V) 6.05 (0.03) 5.93 (0.066) 7 6 6 5 0.105
I es (p <
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b
pn bold highly significant p-values (p < 0.005) and in cursives significant p-valu
Diagnostic measurements were expressed as percent of the
tandard length (SL) (Álvarez del Villar, 1970). Additionally, the
iagnosis was completed with other relevant features regarding
orphology (i.e., body profile, fin shapes, among others), pig-
entation and ecology.
r
able 3
ean, standard error and range values for proportions of morphometric variables betw
 test.
roportion N Mean (SE) 
P. mixtlanensis P. oaxacae P. mixtlane
rPA/SL 50 0.66 (0.0025) 0.687 (0.0050) 0.667 
rPP/SL 50 0.28 (0.0040) 0.302 (0.00376) 0.289 
D/SL 50 0.27 (0.006) 0.310 (0.0043) 0.285 
FL/SL 50 0.16 (0.0025) 0.151 (0.0039) 0.169 
AL/SL 50 0.15 (0.0021) 0.163 (0.0048) 0.155 
LD/SL 50 0.14 (0.0015) 0.157 (0.0015) 0.143 
PL/SL 50 0.16 (0.0024) 0.148 (0.0032) 0.166 
L/SL 50 0.27 (0.0044) 0.293 (0.0029) 0.284 
rOL/HL 50 0.28 (0.0103) 0.244 (0.0071) 0.305 
D/SL 50 0.27 (0.0044) 0.293 (0.0029) 0.284 
L, standard length; HL, head length; PrPA, pre-anal distance; PrPP, pre-pectoral dis
ody least depth; APL, anal peduncle length; PrOL, pre-orbital length, ED, eye diam
-values (p < 0.05 and p > 0.005). 0.05 and p > 0.005).
escription
Profundulus mixtlanesis Ornelas-García,  Martínez  &  Doad-
io, new  species  (Fig.  2).
een P. oaxacae and P. mixtlanensis. p-Values correspond to the Mann–Whitney
Upper limit Lower limit p
nsis P. oaxacae P. mixtlanensis P. oaxacae
0.698 0.657 0.676 0.000
0.310 0.272 0.294 0.000
0.320 0.260 0.301 0.000
0.159 0.159 0.142 0.011
0.173 0.146 0.153 0.041
0.161 0.136 0.154 0.000
0.155 0.156 0.142 0.001
0.299 0.266 0.286 0.002
0.259 0.263 0.228 0.007
0.299 0.266 0.286 0.002
tance; BD, body depth; AFL, anal fin length; VAL, ventral–anal length; BLD,
eter. In bold highly significant p-values (p < 0.005) and in cursives significant
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Figure 2. Morphological comparison of the species of Profundulus: (a) Profundulus (P.) mixtlanensis sp. nov. and P. oaxacae individuals; (b) lateral view of the head
o ensis 
T
M
a
a
fi
g
f
t
i
s
s
t
t
w
b
l
o
<
t
l
T
t
Pf both species; (c) dorsal head view of both species; (d) holotype of P. mixtlan
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As a member of the Profundulus  subgenus this species shows
 preorbital region nearly covered with well-developed scales,
 humeral spot, and a densely scaled basal half of the caudal
n. P.  mixtlanensis  sp. nov. differs from other species in the
enus by having a pronounced lower jaw, which markedly dif-
erentiates it from P.  oaxacae  and the remaining species within
he P.  punctatus  “group” sensu  Miller (1955). Another strik-
ng difference between the new species and other species in the
ubgenus, especially P.  oaxacae, is the absence of dark body
potting on the posterior half of the body caused by melaniza-
ion of the base of the scales. In lateral view, the dorsal profile of
p
n
Ssp. nov.
he head shows a concavity just above the supra-occipital crest,
hich quickly reaches a flat profile posteriorly, an attribute that
ecomes more pronounced with age. In general terms, P.  mixt-
anesis depicts a longer body and has a lower height than the
ther species in the subgenus (see Table 3). Body height is
2/3 of SL, and pre-pectoral distance <1/3 of SL, in contrast
he P.  oaxacae  proportions are significantly higher reflecting
arger body height and pre-pectoral distance for the P.  oaxacae.
he distance between ventral and anal fins is 15% of SL, lower
han that of P.  oaxacae. Caudal peduncle depth is less than in
. oaxacae, being 13% of SL (15% of SL in P.  oaxacae). The
ostanal length is 15% of SL, larger than the rest of species (data
ot shown). The head is shorter than in P.  oaxacae, 26–28% of
L in contrast to 28–30% of SL in P.  mixtlanensis. Preorbital
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ength, 26–30% of HL, is longer than in P.  oaxacae.  Eye diame-
er is smaller than in P.  oaxacae, 26–28% of SL. The anal fin is
onger than in P.  oaxacae, 16–17% of SL. Among meristic char-
cteristics, the following are diagnostic: 30–35 lateral scales,
2–21 rays in the anal fin, and 14–17 rays in the pectoral fin.
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axonomic  summary
Disposition  of  types. Holotype CNPE-IBUNAM 19112
Female, T1339) and allotype CNPE-IBUNAM 19113 (male,
1340), Spring system in Santiago Yosondúa, Oaxaca, México.
he system is composed of five small springs, ∼1 m in diameter
nd less than 1 m deep each. Deposited at the CNPE-IBUNAM.
Paratypes. (45), Spring, Aldama, Oaxaca (15, CPCMEDP-
AQ:001/T1317-31); río Cucharas, El Carmen Tuxtitlán, Putla
e Guerrero, Oaxaca (3, CPCMEDP-UAQ:002/1332-1335);
pring, Santiago Yosondúa, Oaxaca (6, 3 CNPE-IBUNAM
9114, 3; CPCMEDP-UAQ:003/T1340-1346-); río Grande,
antiago Juxtlahuaca, Oaxaca (3, ECOSC 7562-1/ECOSC
562-3 and 2, CPCMEDP-UAQ:004/T1350-51, CPCMEDP-
AQ). Río Cucharas (10; MNCN:131746-53).
Distribution. Springs of the Pacific slope of the Mixteca
egion of Oaxaca, Mexico in the following river systems:
olorado River, Atoyaquillo River, the Atoyac river basin,
nd the Mixteco river basin (Fig. 1). Most of the populations
or the species were found above 2,000 m, however, they occur
t altitudes between 710 and 2,300 m.
Etymology. The epithet “mixtlanensis” derives from the word
Mixtlan” in the Nahuatl language. The Tenoch culture used to
all Mixtlan the region where the new species is found. Mixtlan is
 compound word, which is made up of the words Mixtli (cloud)
DFA)
0 1 2 3 4 5
6 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50
rrectly assigned individuals: 97% for P. mixtlanensis sp. nov. (individuals 1–35
es of root factor from the DFA between species.
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esults
Morphometric analyses showed a separation between the two
pecies groups tested. The two-way ANOVA using 17 morpho-
etric measurements showed significant differences between
pecies for most of the comparisons (p  ≤  0.001, Table 2). Anal-
ses however, did not disclose any significant differences in
ex (p  > 0.05), or sex × species interaction (p  > 0.05, data not
n
t
wnensis sp. nov. (black squares) and P. oaxacae (white squares).
hown). Because results did not support the existence of sexual
imorphism within or between species, all posterior analyses
ere performed without sex separations. Ordination using PCA
llowed for identification of two separate clusters of points. Each
luster corresponded to P.  oaxacae  and to P.  sp. nov. 1 (Fig. 3).
CI explained 91.73% of the variance, where the most impor-
ant variables in the formation of the groups were SL, PrOL and
D in the positive side of PCI, and PrPD, PrPA and PrPV in the
egative side. PCII explained 2.79% of the variance, in which
he most important variables were PrPD, PrPA, PrPP and BD,
hereas PCIII explained 1.70% of the variance, with the most
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mportant variables PrPP, HL, PVL and VAL (Eigenvalues in
upplementary material 4).
DFA also showed significant discrimination between species.
ll individuals assigned to P.  oaxacae  were correctly classified
hereas assignation to P.  sp. nov. 1 was 97.14% correct (Fig. 4a,
(16, 33) = 7.0769 p < 0.0001; posterior probabilities are shown
n Supplementary materials 2 and 3). Linear discriminant fac-
or from the DFA showed a contrasting distribution between
he two groups of cases (Fig. 4). The root factor was ordered
ostly according to the following variables: PrPD and AFL on
he positive side and PrPA, DFL and BLD on the negative side.
Results of the Mann–Whitney U  test applied to meristic vari-
bles were also significant for three of five variables tested
etween species (Table 2), and when applied to proportions,
omparisons were significant for 10 of 16 tested (Table 3).
ighly significant differences were found in the following
roportions: PrPA/SL, PrPP/SL, BD/SL, ADL/SL, BLD/SL,
PL/SL, HL/SL, PrOL/HL and ED/SL.
Even when there is slight overlap, significant differences
ere found between species in the following meristic variables
Table 3; p  < 0.001): number of lateral scales, with a mean of 33
nd range of 30–35 in P.  mixtlanensis, and 31 mean and range of
9–32 in P.  oaxacae; and with a lower number of anal-fin rays
or P.  oaxacae  (12–14), while for P.  mixtlanensis  the anal-fin
ays range from 12 to 21 (Fig. 5). Given the previous results, we
onclude that P.  mixtlanensis  fulfills the criteria to be consid-
red a different taxonomic unit, using both morphological and
olecular (Doadrio et al., 1999) criterion.
iscussion
P.  mixtlanensis  and P.  oaxacae  occur at geographically
istant locations in the Mixteco basin, and as we observed
n the present description, the two species are easily dis-
inguishable by their body shapes and coloration patterns.
. oaxacae  shows a characteristic spotty pattern along the lat-
ral part of the body while in P.  mixtlanensis  only shows a
umeral spot. The molecular distinctiveness of P.  mixtlanen-
is with respect to the other species within the Profundulus
enus has been demonstrated by an allozyme study (Doadrio
t al., 1999). In addition, phylogenetic analysis carried out
y the authors showed that both, P.  oaxacae  and P. mixtla-
ensis depict a high degree of divergence from the rest of
he species within the subgenus Profundulus  (Dp  = 10.5 ±  5.9
tDNA and Dp  = 1.7 ±  0.2 nDNA, respectively, data not
hown).
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